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We describe the design and fabrication of a scalable atom-light photonic interface based on a sili-
con nitride microring resonator on a transparent silicon dioxide-nitride multi-layer membrane. This
new photonic platform is fully compatible with freespace cold atom laser cooling, stable trapping,
and sorting at around 100 nm from the microring surface, permitting the formation of an orga-
nized, strongly interacting atom-photonic hybrid lattice. We demonstrate small radius (R ∼16µm)
microring and racetrack resonators with a high quality factor Q = 3.2 × 105, projecting a single
atom cooperativity parameter of C = 25 and a vacuum Rabi frequency of 2g = 2pi × 340 MHz
for trapped cesium atoms interacting with a microring resonator mode. We show that the quality
factor is currently limited by the surface roughness of the multi-layer membrane, grown using low
pressure chemical vapor deposition (LPCVD) processes. We discuss possible further improvements
to a quality factor above Q > 5× 106, potentially achieving single atom cooperativity parameter of
C > 500 for strong single atom-photon coupling.
I. INTRODUCTION
Creating efficient atom-light nanophotonic interfaces
with stably trapped atoms in their optical near-field
can lead to a wide range of applications in quantum
optics, quantum communications, and quantum many-
body physics [1–3]. Optical nanofibers [4–8], photonic
crystal waveguides [9], and cavities [10, 11] are exem-
plary platforms that have recently demonstrated atom
trapping and large atom-light interactions in the evanes-
cent field of their guided modes. Key enabling features
for enhanced coupling are sub-diffraction transverse con-
finement of guided photons and enhanced photonic den-
sity of states, achieved either through forming micro- or
nano-scale Fabry-Perot cavities or through slow light ef-
fects in photonic crystal waveguides. They permit sev-
eral far-off resonant optical trapping schemes [12] in the
near-field, such as two-color evanescent field traps [13–
15], side-illuminating optical traps [9, 10, 16], or a hy-
brid trap formed by Casimir-Polder vacuum force and a
single-color optical potential in photonic crystal waveg-
uides [17, 18]. With near field (∼100 nm) trapping above
the dielectric surface, it is generally expected that tens
to more than a hundred-fold increase in atom-photon
coupling rate may be found for a trapped atom in a
nanophotonic platform compared to those realized in
mirror-based optical cavities and resonators.
On the other hand, achieving coherent quantum op-
erations with high-fidelity requires ultra-low optical loss
in the host dielectric nanostructures [18, 19], and has
remained a challenge. In cavity quantum electrodynam-
† Current address: National Institute of Standards and Tech-
nology, 325 Broadway, Boulder, CO 80305.
∗ e-mail: clhung@purdue.edu.
ics (QED), the figure of merit for quantum coherence
is favored by a large single atom cooperativity param-
eter C = 4g2/κγ  1, requiring that the atom-photon
coupling strength g is large compared to the geometric
mean of the photonic loss rate (κ) and the atomic radia-
tive decay rate into freespace (γ). For a perfect quantum
emitter, g =
√
3λ3ω0γ
16pi2Vm
(assuming a spherical symmet-
ric dipole) and C ∼ 3λ34pi2 QVm depends solely on the ratio
between the quality factor Q = ω0/κ of the photonic
mode (of frequency ω0 and freespace wavelength λ) and
the effective mode volume Vm, which is inversely propor-
tional to the guided-mode photon energy density at the
atomic trap location. State-of-the-art high-Q nanopho-
tonic platforms have yet to achieve cooperativity param-
eters C  10 due to limited Q/Vm that stems mostly
from fabrication imperfections. For example, Q ∼ 104
and Vm/λ
3 ∼ 100 is reported recently for photonic crys-
tal [11] and atomic defect cavities [20] tailored for cou-
pling with alkali atoms at resonant wavelengths ranging
from λ ≈ 780 nm at rubidium D2-line to 894 nm at ce-
sium D1-line. Multiple schemes for boosting Q/Vm exist
[3] and remain an active area of research. For compari-
son, monolithic micro-photonic resonators such as silica
micro-toroids [21], bottles [22], and spheres [23] or sili-
con nitride micro-disks [24] are other photonic resonator
structures with ultrahigh quality factors Q > 106 but
with large Vm/λ
3 > 104 for transit atoms in time-of-
flight. The prospect of direct laser cooling and atom
trapping in their optical near field has remained elusive,
partially due to geometrical constraints and limited op-
tical access through the dielectric structures and their
substrates [25], if present.
In this paper, we report a planar-type microring pho-
tonic structure and its racetrack-variant design capable
of simultaneous realizations of strong confinement for
large atom-photon coupling rate, experimentally accessi-
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2FIG. 1: Interfacing single atoms with a microring structure on a membrane for strong atom-light interactions. (a) Schematics
of a silicon nitride microring (radius R) on a dioxide-nitride membrane, with a single trapped atom (green sphere). Curved
arrows depict single atom-photon coupling rate, g, to the resonator modes. Wavy arrows depict intrinsic resonator loss (at rate
κi) and the atomic decay (at rate γ), respectively. A linear bus waveguide couples to and from the resonator modes at rates κc
(depicted by crossed solid and dashed arrows). (b) The effective mode area Am of a microring of width W = 1.1 µm, height
H = 0.29 µm, and radius R ∼16µm; Am ≈ 5.2 µm2 at the depicted atom location (ρa, za) = (R, 100 nm). Shaded structures
mark the microring waveguide (Si3N4) and supporting membrane (SiO2 and Si3N4 layers), respectively. (c) Atom-photon
coupling strength g(z) along a vertical dashed line in (b); g(za)/2pi = 200 MHz is marked by the dotted lines.
ble atom trapping and sorting schemes, and high Q/Vm,
serving as a coherent, scalable atom-photon quantum
interface. Our implementation is based on silicon ni-
tride microring resonators that have recently achieved
ultrahigh quality factors Q > 107 in telecom optical
wavelength band [26, 27] and Q > 3 × 106 close to
Cs atomic spectroscopy bands [28]. We adapt the de-
sign to geometries tailored for cavity QED with neutral
atoms and address major challenges that need to be over-
come. We enable full optical access for laser cooling and
trapping of alkali atoms, e.g. atomic cesium, directly
on a microring by fabricating it on a transparent mem-
brane substrate. Moreover, we investigate various trap-
ping schemes including two-color evanescent field trap
and top-illuminating optical tweezer trap at tunable dis-
tances around 100 nm above a resonator waveguide, as
well as the combination of both schemes for atom array
sorting.
II. OVERVIEW OF THE PLATFORM
Figure 1 shows the schematics of our resonator plat-
form. The microrings are fabricated on top of a sus-
pended SiO2-Si3N4 multi-layer membrane, formed by a
∼ 2 µm-thick SiO2 (silicon dioxide) layer and a ∼ 550
nm-thick Si3N4 (silicon nitride) bottom-layer that can
provide high tensile stress after being released from a sil-
icon substrate to form a large window around an area of
∼ 2 mm ×8 mm; see Fig. 2. The high tensile stress of-
fered by the nitride bottom layer is necessary to preserve
the optical flatness of the membrane. The transparent
membrane allows laser beams to be sent from either top
or bottom sides of the microring structure, allowing cold
atoms to be directly laser cooled, trapped, and trans-
ported on the surface of a microring resonator [29].
We utilize the fundamental transverse-magnetic (TM)
mode of the resonator waveguide for creating atom-light
coupling. The cross section of the resonator waveguide is
chosen for sufficient evanescent field strength above the
waveguide surface while maintaining high Q. The small
radius of the microring R = 16 µm ensures a moderately
small mode volume Vm = AmL, where L = 2piR is the
circumference of the ring and Am is the effective mode
area defined as
Am(ρa, za) =
∫
(ρ′, z′)|E(ρ′, z′)|2dρ′dz′
(ρa, za)|E(ρa, za)|2 . (1)
Here (ρa, za) denotes the transverse atomic location in
cylindrical coordinates,  is the dielectric function of the
microring structure, and E is the TM-mode electric field.
Figure 1 (b) plots the cross section of the effective mode
area of a TM-mode at cesium D1-line λD1 = 894 nm. A
moderately small mode area Am(R, za) ≈ 5.2 µm2 can be
achieved when an atom is placed at around za ∼ 100 nm
above the microring surface, projecting a mode volume
of Vm ≈ 523 µm3, single-photon vacuum Rabi frequency
2g = 2pi × 400 MHz, and a cooperativity parameter C ∼
1 × 10−4Q. Achieving high Q > 106 in such a small
microring can thus make this platform well-suited for on-
chip cavity QED experiments with high fidelity.
A linear bus waveguide is fabricated next to an ar-
ray of microrings to couple to the clockwise (CW) and
counter-clockwise (CCW) resonator modes. Away from
the microring coupling region, the bus waveguide is ta-
pered and extends all the way towards the edge of the
transparent window where the waveguide is then embed-
ded in a dioxide (or vacuum) top-cladding layer.
As shown in Fig. 2, a U-shaped fiber groove is fabri-
cated for epoxy fixture of a lensed optical fiber, which is
edge-coupled to the bus waveguide with ∼ 70 % (or 50 %
with vacuum cladding) single-pass coupling efficiency
as expected through our finite-difference-time-domain
(FDTD) calculations [30]. We have currently achieved
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FIG. 2: Fabricated small radius microring/racetrack res-
onators and optical quality measurements. (a) Optical image
of an array of microrings (i) coupled to a linear waveguide
bus (ii) for fiber edge coupling in a U-groove (iii). Membrane
area is enclosed in a dashed box. (b) Overview of the op-
tical chip. The membrane is suspended within a 2 mm ×
8 mm window. (c, d) Scanning electron micrographs (SEM)
of fabricated (c) microring and (d) racetrack resonators, both
with width W = 0.95 µm and height H = 0.36 µm. (e)
Scattering intensity measurements near the resonance of a
racetrack resonator. Solid line is a fit, giving (κ, β, ω0)/2pi =
(1.01, 0.655, 334.792× 103) GHz.
∼ 30 % coupling efficiency with vacuum cladding. The
lensed fiber, the edge-coupled bus waveguide, and an ar-
ray of coupled microrings form a complete package of
high-fidelity atom-light nanophotonics interface; see Fig.
2.
III. FABRICATION OF MICRORING
MEMBRANE CIRCUIT AND OPTICAL
MEASUREMENTS
Figure 2 (a-b) show the optical image of a fabricated
membrane optical circuit (see Ref. [29] for fabrication
procedures). SEM images of microring and racetrack res-
onators on the membrane with coupling waveguide buses
are shown in Fig. 2(c-d).
We characterize the quality factors near cesium D1
line by scanning the frequency ω of the coupled TM-
mode and image the scattered light from individual rings
on a charge-coupled-device (CCD) camera. Figure 2(d)
shows a sample measurement. Double resonant peaks
have been observed due to coherent back-scattering ef-
fect from fabrication imperfections that mixes the CW
and CCW modes and creates an energy splitting (see
Appendix A 2). Our measured CCD counts can be well
fitted by a coupled-mode model [31] that captures mode-
splitting and the peak asymmetry (see also Eq. 2 and
Appendix A 2). The fit gives total photon loss rate
κ/2pi =1.01 GHz, corresponding to an under-coupled
quality factor of Q ≈ 3.2 × 105 due to waveguide cou-
pling rate κc smaller than the intrinsic loss rate κi.
Using the measurement results and the fabricated ge-
ometry (W,H) = (0.95, 0.36) µm, we project the sin-
gle atom cooperativity parameter to be C ≈ 25, calcu-
lated using (g, κ, γ)/2pi ≈ (170, 1010, 4.6) MHz; under the
same Q and the geometry presented in Fig. 1, we project
C ≈ 35 with g/2pi = 200 MHz. We note that there is
still much room for improvement. Below we discuss in
detail the optical loss analysis and Q/Vm optimization
for maximizing cooperativity C.
A. Current fabrication limit and mitigation
methods
Currently, surface scattering dominates the photon loss
in our fabricated microrings; see also Appendix C 1 for
fundamental limits of the microring platform regarding
material absorption. We have characterized the surfaces
of the multi-layer film using atomic force microscopy
(AFM) and obtained the root-mean-squared roughness
σt ≈ 1.4 nm and the correlation length Lt ≈ 73 nm
for the top nitride layer. For the bottom surface rough-
ness of the microring, we infer from the surface quality of
the dioxide middle layer, which we measured (σb, Lb) ≈
(1.6, 84) nm. We estimate the edge roughness and corre-
lation length to be around (σ±, L±) ≈ (2, 60) nm by em-
ploying multipass e-beam writing technique [27, 32] and
optimized inductively coupled-plasma reactive-ion etch-
ing process with CHF3/O2 gas chemistry [27, 32, 33].
In Appendix C 1, we adopt a volume current method to
model the scattering loss rate due to the measured surface
roughness [34]. Our result indicates that Qsim ≈ 3.5×105
is in reasonable agreement with our measured quality fac-
tor.
Due to the major roughness incurred in the LPCVD-
deposited dioxide layer, we note that the surface rough-
ness of the microring is around three times worse than
a typical single layer nitride deposited on a silicon wafer
or on a thermally grown dioxide film. Possible improve-
ments can be made by using a chemical mechanical pol-
ishing (CMP) technique to reduce the surface roughness
in the top nitride layer and the middle dioxide layer as
well. It has been reported that the surface roughness
and the correlation length of a nitride thin film can be
greatly reduced down to σt,b ≈ 0.1 nm and Lt,b ≈ 10 nm
from its original rough surface [27]. Alternatively, the
edge roughness and correlation length may be reduced
to σ± ≈ 1.39 nm and L± ≈ 39 nm by using a plasma-
assisted resist reflow technique [35]. These immediate
technological improvements permit a potential 10-fold in-
4FIG. 3: Cooperativity optimization via scanning the mi-
croring geometry, with the surface roughness parameters
(σ±,L±,σt,Lt,σb,Lb)= (a) (2,60,1.4,73,1.6,84) nm and (b)
(1.4,39,0.1,10,0.1,10) nm, respectively.
crease in Q/Vm, as will be discussed below.
B. Q/Vm optimization
Given the characteristics of the surface quality and
edge roughness, we perform finite element method (FEM)
analysis [36] to obtain a geometrical design that maxi-
mizes Q/Vm, concerning the dominant losses including
the surface scattering loss and the waveguide bending
loss. By scanning the cross-section and the radius of the
microring, it is observed that the waveguide cross-section
cannot be reduced indefinitely due to the constraint of
surface scattering. Similarly, the radius R of the ring is
constrained to be above & 10 µm due to larger bend-
ing loss and scattering loss occurring at the sidewalls at
larger bend curvature.
In Fig. 3, we plot the cooperativity parameter C as
a result of the scan, assuming an atom is trapped at
(ρa, za) = (R, 100) nm. With the surface roughness at its
current value, as in fig. 3(a), C is maximized when the
waveguide geometry tends towards larger cross section
(W,H), which reduces surface scattering, and smaller ra-
dius R, which reduces the mode volume. The best pro-
jection C ≈ 46 uses a smaller ring R ∼ 10 µm than in our
current design and (W,H) = (0.8, 0.36) µm. For reduced
surface roughness, as in Fig. 3(b), a resonator geometry
of (W,H,R) = (1.1, 0.29, 16) µm, as shown in Fig. 1,
can achieve Q ≈ 4.5 × 106. The projected cooperativity
reaches C ≈ 536, an almost 12 times improvement from
our current optimal value.
IV. ATOM TRAPPING IN THE OPTICAL
NEARFIELD OF THE MICRORING PLATFORM
We now discuss two schemes, both capable of creating
tight far off-resonant optical traps for cold atoms around
zt = 100 nm above the top surface of the microring.
While either scheme can function fully independently, we
discuss the combination of both schemes for atom array
assembly on a microring (racetrack) resonator.
A. State-insensitive two-color evanescent field trap
The evanescent field trapping scheme shares similari-
ties with those realized in nano-fiber traps [13, 15], and
proposed in nanophotonic waveguides [37, 38]. The trap
is formed by two TM modes excited near the ‘magic’
wavelengths λr = 935.3 nm and λb = 793.5 nm, so that
they do not create differential light shifts in the laser
cooling transition of cesium (Appendix B). Here, λb (fre-
quency ωb) is blue-detuned from major optical transi-
tions in the ground state, creating strongly repulsive op-
tical force within a short range near the dielectric surface.
λr (frequency ωr) is red-detuned, leading to an attrac-
tive force with longer decay length than that of the λb-
mode. The combination of both modes creates a stable
trap above the waveguide surface; see Fig. 4.
Along the microring, coherent back-scattering mixes
the CW and CCW counter-propagating modes and con-
verts an otherwise smooth evanescent field intensity pro-
file into a standing wave pattern just like an optical lat-
tice (Appendix A 2). An optical lattice potential can
provide strong longitudinal trap confinement along the
microring. Exciting the resonator from either end of the
coupling waveguide bus with power Pw and frequency
ωb(r) near a resonance ω0,b(r) creates an electric field with
a corrugated intensity profile
|E(r)|2 = I|E(ρ, z)|2 [1± V sin(2kl ± ξ)] , (2)
where the ± sign is given by the direction of bus waveg-
uide coupling. Here I = I(α) is a near-resonance energy
build-up factor, with α = κ2 + i
[
ω − ω0,b(r)
]
and a back-
scattering rate β,
I(α) = κcPw
~ω
|α|2 + β2
|α2 + β2|2 , (3)
|E(ρ, z)| is the normalized mode field amplitude, giv-
ing 20
∫
(r)|E(r)|2dr = ~ωI, k is the propagation
wavenumber, l is the arc length along the microring
waveguide, and ξ = tan−1 2(ω−ω0,b(r))/κ is a frequency
dependent phase shift. The visibility of the corrugation
is given by
V (α) = 2v
|αβ|
(|α|2 + β2) , (4)
where the amplitude factor v ≈ 0.2 for a TM-mode (Ap-
pendix A 2). For the simplicity of discussions, we as-
sume the waveguide parameters are equal for the two
color modes.
To form a homogeneous lattice trap along the res-
onator, we eliminate the standing wave pattern in the
ωb mode to avoid incommensurate alignment between
the blue-repulsive node and the red-attractive anti-node
in the lattice potential. As shown in Fig. 4, we cou-
ple blue-detuned light from either end (+ and −) of the
waveguide bus with symmetric detuning about ω0,b to
completely cancel the potential corrugation (Eq. 2) [54].
5FIG. 4: Two-color evanescent field trap. (a,c) The coupling schemes are schematically shown in (a) for a microring and (c) for
a racetrack resonator, respectively, where the injected lights are marked by red (ωr) and blue (ωb) arrows and the ± signs mark
the direction of coupling. Sample total potential cross section Utot(ρ, 0, z) in the near-field region above the resonators (enclosed
by dashed boxes) are displayed accordingly, where the top surfaces of the resonator waveguides are centered at (ρ, z) = (ρw, 0).
Green spheres indicate the trap center and red spheres mark the positions of potential saddle points beyond which the trap
opens. (b,d) Trap depth ∆U (red curves) and the vertical trap position zt (black curves) can be adjusted by tuning the ratio
of energy build up factors Ir/Ib between the ωr and ωb modes; Ib = (b) 5.4 × 105, (d) 8.0 × 104. For a microring trap (b),
radial trap position |ρt− ρw| (blue curve) remains roughly unchanged until the trap completely opens; for a racetrack trap (d),
ρt = ρw. (e, f) Injected light frequencies and build up factors I (black curves) around the microring resonances. In (e), ωr (red
dashed line) is chosen to maximize the visibility V (red curve) and to eliminate the vector light shift (Appendix B). In (f), ωb
modes (blue dashed line) are symmetrically excited around ω0,b to maximize I±b and to eliminate potential corrugation and
vector light shifts. Parameters used in (e,f): (κ, κc, β) = 2pi × (1, 0.5, 0.6) GHz.
We calculate the two-color evanescent field trap po-
tential using the incoherent sum of two-color potentials
as
Uev(r) =− α(0)r Ir|Er(ρ, z)|2 [1 + V cos(2krl)]
− α(0)b Ib|Eb(ρ, z)|2, (5)
where α
(0)
r ≈ 3033 (a.u.; in atomic unit) and α(0)b ≈−2111 (a.u.) are atomic dynamic scalar polarizabilities
at frequencies ωr and ωb, respectively. Similarly, Er,(b)
are the excited mode fields, Ir = I+r and Ib = I+b + I−b
are energy build-up factors of the two color modes (see
Fig. 4 (e, f)); kr is the wave number of the red mode, and
l = 0 is shifted to center on a lattice site.
The two-color evanescent field trap can be made state-
insensitive, that is, independent of the Zeeman sublevels
of cesium ground state atoms. We note that the vector
light shift is completely canceled in the presented cou-
pling scheme [15], as discussed in Appendix B 3. Thus,
we only include the scalar light shift in Eq. (5).
Figure 4(a) shows sample potential cross sections in
a transverse plane above the microring. Due to fi-
nite curvature of the microring waveguide that results
in non-equal center shifts of the two color modes, the
trap center is shifted inwards by ∼ 160 nm and the
trap axes are rotated. To avoid trap distortion, a race-
track resonator design [Fig. 4(c)] can be employed, where
a symmetric trap can be found above the linear seg-
ments of the racetrack. The trap centers in Fig. 4(a,c)
are (ρt − ρw, zt) ≈ (−160, 100) nm on a microring and
(ρt − ρw, zt) ≈ (0, 100) nm on a racetrack, respectively,
where (ρ, z) = (ρw, 0) is the top surface center of the
microring (racetrack) waveguide.
To illustrate that the trap is strong enough against
the atom-surface attraction, we have included in Fig 4
the contribution of a Casimir-Polder potential Ucp(r) ≈
−C4/z3(z + λ) for |ρ − ρw| ≤ W/2, where C4/h =
267 Hz·µm4 is for cesium atom-Si3N4 surface coefficient
and λ = 136 nm is an effective wavelength. The total
trap potential
Utot(r) = Uev(r) + Ucp(r) (6)
is dominated by Ucp only when z . 50 nm. Here, the
trap opens at potential saddle points near (ρs, zs) ≈
(−300, 60) nm for a ring and (±275, 67) nm for a race-
track; Utot(ρs, 0, zs)−Utot(ρt, 0, zt) defines the trap depth
∆U , which is ∆U ≈ kB×130 µK in Fig. 4(a,c), and is 10
times larger than the typical temperature of laser-cooled
cesium atoms.
The energy build-up factors used to calculate the trap
6Utot/kB (mK) Utot/kB (mK)
FIG. 5: Evanescent field lattice potential on (a) a microring and (b) a racetrack resonator, respectively. Top panels show the
potential cross sections Utot(ρt, l, z) while the bottom panels show Utot(ρ, l, zt), respectively. The lattice constant is d = 290 nm.
Parameters used are identical to those of Fig. 4(a, c).
on the microring (racetrack) in Fig. 4(a,c) are I+r = 2.4×
105 (4.2×104) for the ωr mode and I+b = I−b = 2.7×105
(4.0×104) for the ωb modes, respectively. Using the cou-
pling scheme and parameters associated with Fig. 4(e,f),
the required total power is Pr = 320 µW (56 µW) for ωr
and Pb = 740 µW (110 µW) for ωb modes in a microring
(racetrack), respectively.
We note that by adjusting the power ratio of the two
color modes, zt can be moved away from or pulled closer
to the waveguide surface. In Fig. 4(b,d), we keep Pb
fixed while tuning the ratio Ir/Ib (or Pr/Pb) and show
that the trap center can be tuned from zt ∼ 300 nm
to < 100 nm. Meanwhile, ρt remains fairly unchanged.
This important feature would allow us to initiate atom
trapping and sorting at zt > 200 nm and perform atom-
light coupling at zt < 100 nm, discussed later.
Figure 5 shows the lattice potential along the axial
position l of a microring and a racetrack, plotted using
the cross sections of Utot in the planes of ρ = ρt and
z = zt, respectively. The low visibility V < 1 (Fig. 4(e))
in the attractive TM-mode keeps the lattice potential
nearly attractive everywhere along the resonator until
very close to the resonator waveguide surface z < 200 nm.
This feature allows atoms to traverse freely along the res-
onator without seeing strong potential barrier until they
are cooled into individual lattice sites at zt ≈ 100 nm.
Overall, the evanescent field trap provides three-
dimensional tight confinement. For the example given
in Figs. 4 and 5, the trap frequencies are (ωρ′ , ωl, ωz′) =
2pi× (175, 1500, 1180) kHz for a microring trap, where ρˆ′
and zˆ′ are along the tilted axes due to trap distortion,
and (ωρ, ωl, ωz) = 2pi× (80, 786, 681) kHz for a racetrack
trap.
Utot/kB (mK)
FIG. 6: Top-illuminating optical trap. (a) A tightly focused
optical beam (an optical tweezer) creates a lattice of micro-
traps on top of the resonator waveguide. Inset shows the
total potential cross-section Utot(ρ, z) of the nearest trap site
above the surface. Green sphere marks the trap center at
zt = 150 nm. Potential contours are KB × 25, 50, 75 and
100 µK above Utot(ρw, zt) ≈ −kB × 1.57 mK at the trap cen-
ter. (b) Scanning the trap center zt by tuning the thickness
of the dioxide layer and keeping the thickness of the bottom
nitride layer fixed at 600 nm. Filled circle marks the geometry
parameter for (a).
B. Top-illuminating optical potential
Illuminating the microring from the top surface using a
red-detuned beam (wavelength λr) can also create a tight
7Utot/kB (mK) Utot/kB (mK)
FIG. 7: Atom transport in an evanescent field lattice trap. (a-c) Illustration of tweezer trap transfer. Potential cross-sections
Utot = Uev +Utw +Ucp are shown with a tweezer trap centered at l = −d = −290 nm and with increasing tweezer power Ptw =
(a) 2 mW, (b) 4 mW, and (c) 6 mW, respectively. (d-f) Trapped atom transport from l = −d to l = 0. Potential cross-sections
Utot are shown with a fixed tweezer power Ptw = 6 mW and shifted tweezer trap center at l/d = (d) -0.5, (e) -0.44, and (f)
-0.37, respectively. Vertical arrows indicate the center of the tweezer trap. Filled circles mark the position of trapped atoms in
the target site center, which is enclosed by potential contours that are KB × 25, 50, and 100 µK, respectively, above the local
potential minimum at z′t ≈ 200 nm.
optical potential due to the top-illuminating beam in-
terfering with its reflection from the microring structure
(Fig. 6). The trap site closest to the dielectric surface,
typically within a distance < λr/4, can be utilized for
trapping atoms in the near-field region of the resonator
mode. Once an atom is trapped, the top-illuminating
beam can also be steered in the horizontal plane to trans-
port and organize atoms along the microring. This simple
scheme need not have trapping light guided by the res-
onator, and can be universally applied to any dielectric
structures with finite surface reflectance. The strength
and position of the first trap site can in principle be
finely adjusted through geometrically tuning the phase
shift of the reflected light. In fact, this method has been
successfully implemented in a number of pioneering ex-
periments trapping atoms on suspended nanostructures
[9, 10], although fully independent trap tuning cannot be
achieved because the geometry of a nanostructure needs
to be adjusted and its desired guided mode property is
inevitably affected.
For the microring (racetrack) platform, trap condition
in a top-illuminating potential can be finely adjusted in-
dependent of the waveguide properties, since multiple in-
terfaces exist in the underlying membrane substrate. A
desired trap condition can be realized simply by tuning
the thickness of the dioxide or nitride layers in the mem-
brane, as illustrated in Fig. 6.
Figure 6(a) shows a sample potential cross-section
Utot(ρ, z) = Utw(ρ, z) + Ucp(ρ, z), where the optical po-
tential Utw is calculated by using a FDTD method [30]
with a tightly focused Gaussian beam (λr = 935 nm) of a
1/e2 beam waist w = 1.2 µm and a power of P = 3.5 mW
projected from the top of the microring waveguide. The
beam is polarized along ρˆ, which is perpendicular to lo-
cal waveguide orientation, to minimize reflection from
the surface of the microring. In Fig. 6(b), we scan the
thickness of the membrane, and illustrate a configuration
such that the closest trap site to the microring surface
is centered around (ρt − ρw, zt) ≈ (0, 150) nm, where
zt is significantly smaller than λr/4 ≈ 234 nm, and the
trap depth of ∆U ≈ kB × 105 µK.With a tightly focused
beam waist, the top-illuminating beam forms a tweezer-
like optical potential, providing also strong transverse
(along ρˆ) and axial (along lˆ) confinements. The for-
mer is due to the waveguide width (W ∼ λr), leading
to a strong intensity variation in the transverse direc-
tion. The axial confinement, on the other hand, is en-
sured by the small beam waist of the tweezer beam. For
the example given in Fig. 6(a), the trap frequencies are
(ωρ, ωl, ωz) = 2pi × (43, 89, 332) kHz.
8C. Trap loading and atom sorting along a
microring (racetrack) resonator
In Ref. [29], we have experimentally demonstrated that
cold atoms can be directly laser-cooled on a membrane
optical circuit and loaded into a top-illuminating opti-
cal tweezer trap. We note that the presence of lattice
potential along a tweezer trap likely reduces the proba-
bility for cold atoms to be cooled directly into the first
site near the microring surface. Instead, multiple atoms
may be randomly confined along the lattice of microtraps
within a tweezer. An optical conveyor belt can be imple-
mented to transport trapped atoms onto the microring
surface [29]. By monitoring the transmission of a res-
onator mode tuned to atomic resonance, it is possible
to transport trapped atoms onto the micro-ring surface
with deterministic control.
On the other hand, a two-color evanescent field trap
provides a smooth transverse potential landscape (along
zˆ), allowing a large number of laser-cooled atoms to be
loaded uninterruptedly from freespace into the lattice po-
tential at zt ≈ 100 nm above the microring, which has
recently been demonstrated in nanofiber traps [13–15].
Nonetheless, these trapped atoms should randomly fill
the optical lattice without organization.
In Fig. 7, we illustrate how a tweezer trap can be used
to sort trapped atoms in an evanescent field trap, similar
to those in an optical lattice in freespace [39]. To be-
gin with, one may utilize the two-color evanescent field
trap for initial atom loading into Utot = Uev + Ucp at
zt ≈ 100 ∼ 200 nm. Following laser cooling, fluores-
cence imaging [29] can be performed to determine the
atomic distribution along the resonator. Once identify-
ing the location of all trapped atoms, an optical tweezer
trap Utw can be ramped on to draw an atom into a new
vertical position z′t ≈ 200 nm (Fig. 7(a-c)), and trans-
port it along the resonator into a designated lattice site
(Fig. 7(d-f); across multiple sites). Following transport,
the tweezer beam can then be adiabatically ramped off,
releasing the trapped atom back to the evanescent field
trap at zt. Atom-sorting can be realized by reiterating
the procedures to reorganize atoms in different trap sites.
V. CONCLUSION AND OUTLOOK
In this paper, we have demonstrated that microring
and racetrack resonator platforms can be fabricated to
be completely compatible with laser cooling and trap-
ping with cold atoms and with reasonably high cooper-
ativity parameters C ≈ 25 ∼ 46. This number can be
further boosted by more than 10-fold with further fab-
rication improvements, thus holding great promises as
an on-chip atom cavity QED platform. We have dis-
cussed two viable optical trapping schemes, both using
magic wavelengths of atomic cesium, for localizing atoms
around zt = 75 ∼ 150 nm above the dielectric surface of a
resonator waveguide structure. The combination of both
schemes permits controlled atom transport along a res-
onator, allowing for the formation of an organized atom-
nanophotonic hybrid lattice useful for collective quantum
optics and many-body physics [3, 40].
Lastly, we note that although our emphasis is on cou-
pling with cold trapped atoms, these microrings may also
be adapted for coupling with solid state quantum emit-
ters [41–43], or with atomic thermal vapors [44, 45]. For
emitters on the surface of a resonator waveguide and con-
sidering only the radiative losses, the effective mode vol-
ume Vm ≈ 63 λ3 and C ≈ 360 using our current fabri-
cated structures. Improving to Q ≈ 4.5× 106 would lead
to a projected C & 5000 that may be potentially useful
for on-chip solid-state quantum photonics.
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Appendix A: Electric field profile and mode-mixing
in a microring resonator
1. Mode profile in an ideal microring
Due to the small dimensions of our microring geometry,
it supports only fundamental modes within the resonator
waveguide at the wavelengths of our interest. A perfect
microring supports resonator modes of integer azimuthal
mode number m, whose electric field can be written as
E±(r, t) = E±(r)e−iωt, where the spatial field profile in
cylindrical coordinates is
E±(r) =
[
Eρ(ρ, z)ρˆ± iEφ(ρ, z)φˆ+ Ez(ρ, z)zˆ
]
e±imφ.
(A1)
We additionally require that the mode field satisfies
the normalization condition 20
∫
(r)|E±(r)|2dr = ~ω,
where 0 is the vacuum permittivity and (r) is the di-
electric function. Here, Eµ(ρ, z) (µ = ρ, φ, z) are real
functions and are independent of φ due to cylindrical
symmetry. We note that the azimuthal field component
is ±pi/2 out of phase with respect to the transverse fields
due to strong evanescence field decay and transversality
of the Maxwell’s equation. The perfect resonator modes
are traveling waves and the ± sign indicates the direction
of circulation. The mode fields of opposite circulations
are complex conjugates of one another E+(r) = E
∗
−(r).
We can assign a propagation number k = mφ/l, where
l = Rφ is the arc length.
The electric field functions are evaluated using a soft-
ware employing a finite element method (COMSOL)
[46, 47]. Fig. A.1 shows the electric field components
(in cylindrical coordinates) of the fundamental transverse
electric (TE) and transverse magnetic (TM) resonator
modes. The fields are slightly asymmetric across the cen-
ter of the waveguide at ρ = ρw due to finite curvature of
the microring (radius R = 16 µm). We also note that
the out-of-phase axial component iEφ is stronger in the
TM-mode, resulting from stronger evanescent field along
the zˆ−axis where the waveguide confinement is strongly
subwavelength.
2. Mode mixing in a microring
In the presence of fabrication imperfections, surface
scatters induce radiation loss and mode mixing. The for-
mer, together with other intrinsic loss mechanisms (dis-
cussed in Ref. [27, 34, 48]), induces intrinsic resonator en-
ergy loss at a rate κi. The latter effect can be treated per-
turbatively, with photons scattered from one resonator
mode into another. Assuming small dielectric irregu-
larities in a high-Q resonator, only counter-propagating
modes with identical azimuthal number can couple via
back-scattering from the surface roughness (at a rate β).
In this paper we obtain this back-scattering rate experi-
mentally.
To understand mode-mixing and its impact on the res-
onator mode profiles, we apply well-established coupled
mode theory [31] for two counter propagating modes of
interest. Using a−(a+) to denote the amplitude of the
clock-wise (CW) and counter clock-wise (CCW) propa-
gating resonator modes in a mode-mixed resonator field
E(r, t) = a+(t)E+(r, t) + a−(t)E−(r, t), (A2)
we have the following coupled rate equation
da+
dt
=−
(κ
2
+ i∆ω
)
a+(t) + iβe
iξa−(t)
da−
dt
=−
(κ
2
+ i∆ω
)
a−(t) + iβe−iξa+(t), (A3)
where ∆ω = ω − ω0 is the frequency detuning from the
bare resonance ω0, β is the coherent back-scattering rate,
and ξ is a scattering phase shift. The total loss rate
κ = κi + κc includes resonator intrinsic loss rate κi and
the loss rate κc from coupling to the bus waveguide.
Due to the back-scattering terms in Eq. A3 mixing
CW and CCW modes, a new set of normal modes are es-
tablished whose rate equations are decoupled from each
other and the frequencies of the new modes are shifted
by β and −β relative to the unperturbed resonance, re-
spectively. The electric field of the mixed mode can be
written as Ei(r, t) = Ei(r)e
−iωt (i = 1, 2), where
E1(r) =
[
(Eρρˆ+ Ez zˆ) cos(mφ+ ξ
2
)− Eφ sin(mφ+ ξ
2
)φˆ
]
E2(r) =i
[
(Eρρˆ+ Ez zˆ) sin(mφ+ ξ
2
) + Eφ cos(mφ+ ξ
2
)φˆ
]
,
(A4)
and we have dropped an overall factor
√
2e−i
ξ
2 for con-
venience. The fields in Eq. A4 should also satisfy the
normalization condition. With the presence of back-
scattering, the resonator mode polarization now becomes
linear but is rotating primarily in the ρ-φ (z-φ) plane for
TE (TM) mode along the microring.
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FIG. A.1: Electric field vector components (Eρ, iEφ, Ez) of (a-
c) the fundamental transverse electric (TE) mode and (d-
f) the transverse magnetic (TM) mode (in arbitrary units).
Dashed lines mark the boundaries of the dielectrics. Radius
of the ring R = ρw = 16 µm.
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sity profiles E1(2) of the mixed TE (a) and TM (b) resonator
modes, respectively. Shaded areas mark the microring waveg-
uide.
3. Atom-photon coupling in a microring resonator
We consider the atom-photon coupling strength
gi = di
√
ω
2~0Vm
(A5)
where di = 〈e|d|g〉 · ui is the transition dipole moment,
ui = Ei(ρa, za)/|E(ra)|2 is the electric field polarization
vector, |E|2 = |Eρ|2+|Eφ|2+|Ez|2, ~ is the Planck constant
divided by 2pi, and Vm(ra) is the effective mode volume
at atomic position ra,
Vm(ρa, za) =
∫
(ρ, z)|E(ρ, z)|2ρdρdzdφ
(ρa, za)|E(ρa, za)|2
=Am(ρa, za)L. (A6)
Here Am follows the definition Eq. 1 and L = 2piR is the
circumference of the microring.
We note that the coupled modes in Eq. A5 can be the
CW and CCW modes, that is i = ±, when gi  β. On
the other hand, if β  gi, an atom should be coupled
to a mixed mode with i = 1, 2. Our microring platform
corresponds to the latter case. We also note that the
exact value of the transition dipole moment di depends
on the atomic location and dipole orientation. In the
main text, we simply replace di with the reduced dipole
moment d, where d2 = 3λ
30~γ
8pi2 , and arrive at
g =
√
3λ3ωγ
16pi2Vm
. (A7)
4. Exciting the resonator mode via an external
waveguide
If we consider exciting the resonator mode with input
power |s±|2 (actual power Pw normalized with respect
to ~ω) from either end of the bus waveguide, additional
amplitude growth rate Ks± can be added to the right
hand side of Eq. A3; in the case of a lossless coupler K =
i
√
κc. Due to phase matching conditions between the
linear waveguide and the microring, s+(s−) only couples
to the CCW(CW) mode and not to the other mode of
opposite circulation. In the original CCW/CW basis,
the mode amplitudes are
a+ =K
αs+ + iβs−
α2 + β2
a− =K
iβ∗s+ + αs−
α2 + β2
, (A8)
where α = κ2 + i∆ω. If we now consider exciting the
resonator modes from one side of the bus waveguide, the
intra-resonator field is
E±(r) =
αKs±
α2 + β2
[
E±(r) +
iβe∓iξ
α
E∓(r)
]
, (A9)
The ± sign in Eq. (A9) indicates either |s+| > 0 (and
s− = 0) or |s−| > 0 (and s+ = 0). With back-scattering
mixing counter-propagating modes, the field intensity is
a standing wave
|E±(r)|2 = I|E(ρ, z)|2 [1± V (ρ, z) sin(2mφ+ ξ±)] ,
(A10)
where ξ± = ξ ± arg(α). We have a frequency-dependent
energy build-up factor
I = I0 |α|
2 + β2
|α2 + β2|2 , (A11)
where I0 = κcPw~ω for a lossless coupler and
V (ρ, z) =
2|α|β
|α|2 + β2 v(ρ, z) (A12)
is the visibility of the standing wave; V ≤ v and equality
holds when |α| = β. Here, v = 1 − 2|Eφ|2/|E|2 is a vis-
ibility amplitude factor. The presence of the axial field
reduces the visibility of the standing wave: v vanishes
when |Eφ|2 = |E|2/2 and is largest with |Eφ|2 = 0. As
shown in Fig. A.2, the visibility of the TE mode is v ≈ 1
above the microring due to the smallness of the axial
component. On the contrary, for TM-mode a smaller
v ≈ 0.2 above the waveguide results from large |Eφ|2 as
seen in Fig. A.1.
From Eqs. (A10-A12), we can develop schemes to max-
imize or minimize standing-wave visibility for evanescent
field trapping. This is discussed in the main text and in
the following sections.
Appendix B: AC Stark shift in an evanescent field
trap
1. Scalar and vector light shifts in the ground state
When a ground state atom is placed above a microring
with a strong evanescent field that is far-off resonant from
the atomic resonances, it experiences a spatially varying
AC stark shift
12
U(r) = −αµν(ω)Eµ(r)E∗ν(r), (B1)
where αµν is the dynamic polarizability tensor and Eµ =
E · eˆµ is the vector components of the microring evanes-
cent field. In the irreducible tensor representation, the
above tensor product can be separated into contributions
from scalar (rank-0), vector (rank-1), and tensor (rank-2)
terms
U(r) = Us(r) + Uv(r) + U t(r), (B2)
where
Us(r) =− α(0)(ω)|E(r)|2 (B3)
Uv(r) =− iα(1)(ω)E(r)×E
∗(r) · Fˆ
2F
(B4)
U t(r) =− α(2)(ω) 3
F (2F − 1)×[
FˆµFˆν + Fˆν Fˆµ
2
− Fˆ
2
3
δµν
]
EµE
∗
ν , (B5)
and α(0,1,2)(ω) are the corresponding scalar, vector, and
tensor polarizabilities, Fˆ is the total angular momentum
operator, and F is the quantum number. We note that,
for ground state atoms in the S angular momentum state,
α(2) = 0. Therefore we do not consider U t throughout
the discussions. The calculations of α(0,1) follow those of
Ref. [49], using transition data summarized in Ref. [50],
and is not repeated here. Table I lists the value of polar-
izabilities used in the trap calculation.
λ α(0) (a.u.) α(1) (a.u.) α(1)/α(0)
λr 3032.67 25.503 0.0084
λb -2110.81 10.047 -0.0048
TABLE I: Cesium 6S1/2, F = 4 ground state dynamic polar-
izabilities at λr = 935.261 nm and λb = 793.515 nm.
2. Scalar and vector light shifts in an evanescent
field trap
To form an evanescent field trap, the microring must be
excited through an external waveguide. Equations (A9-
A10) can be used to calculate the single-end excited res-
onator electric field. The complex polarization of a mixed
resonator mode induces both scalar and vector compo-
nents of the AC Stark shift. Using E(r) = E±(r) from
Eq. (A10), the scalar light shift forms a standing-wave
potential
Us(r) = −α(0)(ω)I|E(ρ, z)|2 [1± V (ρ, z) sin(2mφ+ ξ±)] .
(B6)
Meanwhile, the vector light shift depends on the cross
product between the CW and CCW components in the
 ρ−ρw(μm)
-1 0 1
z (
μm
)
-0.2
0
0.2
0.4
-1 0 1
TE
(c) (d)
 ρ−ρw(μm)
z (
μm
)
-0.2
0
0.2
0.4 (a) (b)
-0.2
0
0.2
fρ
TE
TM TM
fρ fz
fz
FIG. B.3: Vector light shift polarization factor fµ(ρ, z) for
single-end excited (a-b) TE and (c-d) TM modes, respectively.
Shaded areas mark the microring waveguide.
excited field
E±(r)×E±(r)∗ = ∓2iI˜Eφ(ρ, z) [Eρ(ρ, z)zˆ − Ez(ρ, z)ρˆ] ,
(B7)
which is smooth along the microring (independent of φ
coordinate) and varies only in the transverse coordinates
(ρ, z). Here, I˜ is the build up factor for the vector po-
tential
I˜ = I0 |α|
2 − β2
|α2 + β2|2 . (B8)
In a special case when the atomic principle axis lies along
the zˆ-axis, the vector light shift can be explicitly written
as
Uv =∓ α(1)(ω)I˜Eφ(ρ, z)×[
Eρ(ρ, z) Fˆz
F
− Ez(ρ, z) (Fˆ+ + Fˆ−)
2F
]
, (B9)
where Fˆ± are the angular momentum ladder operators.
The explicit dependence on angular momentum oper-
ators in Uv reveals a diagonal, state-dependent energy
shift and off-diagonal coupling terms. Near the anti-
nodes of a standing wave Eq. (A10), which should serve as
trap centers, the ratio between the vector and the scalar
light shifts is found to be (dropping Fˆ-related factors)∣∣∣∣UvµUs
∣∣∣∣ ∼ α(1)(ω)α(0)(ω) × Eφ(ρ, z)Eµ(ρ, z)2|E(ρ, z)|2 I˜I , (B10)
where Uvµ (µ = ρ, z) represent the amplitudes of the di-
agonal and off-diagonal terms in the vector light shift
Eq. (B9), respectively.
Equation (B10) suggests that the state dependent vec-
tor light shift can be several orders of magnitude smaller
than the scalar shifts. For far-off-resonant light with
frequency ω that is largely red- or blue-detuned from
both cesium D1 and D2 lines, the vector polarizability
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α(1)(ω)  α(0)(ω); see Table I. The electric field polar-
ization factor
fµ(ρ, z) =
Eφ(ρ, z)Eµ(ρ, z)
2|E(ρ, z)|2 (B11)
provides additional suppression. As shown in Fig. B.3,
a TE mode supports an off-diagonal factor fρ ≈ 0 and
the diagonal factor fz ≈ 0.07. For a TM mode, fρ ≈
−0.24 and fz ≈ 0.01. We expect a single-end coupled
evanescent wave potential leads to |UvUs | . 10−3.
3. Eliminating the vector light shifts
In practical experiments, a state-independent trap is
much preferred since it prevents parasitic effects such as
dephasing or trap heating. To fully eliminate the vector
shift, a straightforward method is to choose a proper de-
tuning such that β = |α| (provided that β > κ/2) and
I˜ = 0, as suggested by Eqs. (B8-B9) and illustrated in
Fig. B.4 (a). Visibility V is at the same time maximized
as |α| = β creates equal superposition of CW and CCW
modes up to a relative phase shift, as seen in Eq. A9.
The excited field becomes linearly polarized with spa-
tially rotating polarization, similar to the form in Eq. A4,
and leads to zero vector shift. In this simple scheme, the
scalar light shift build-up factor is also near its maximal
value, as in Fig. B.4(a, c).
In cases when β < κ/2, a second option is to ex-
cite the resonator from both ends of the external waveg-
uide, with one frequency aligned to the resonance peak
I− = Max(I) and another one aligned such that the
two excited fields have equal build-up factors I˜+ = I˜−
as shown in Fig. B.4 (b). Due to large relative fre-
quency detuning δ between the two fields, their contri-
butions to the vector light shift, Eq. (B9), are of oppo-
site signs and can be summed up incoherently to com-
pletely cancel each other. The standing wave pattern
in the total scalar shift [Eq. (B6)], on the other hand,
still remains highly visible. For the example shown in
Fig. B.4 (b, d), the two excited fields have unequal inten-
sity buil-up factors, (I+, I−) ≈ (2.6, 1.4) × 103, visibili-
ties (V+, V−) ≈ (0.93v, 0.69v) and a differential standing-
wave phase shift |ξ+ − ξ−| ≈ 0.49pi. The incoherent sum
of the scalar light shifts results in a new visibility
V ′ =
√
(I+V+)2 + (I−V−)2 − 2I+I−V+V− cos |ξ+ − ξ−|
(I+ + I−) ,
(B12)
which gives V ′ ≈ 0.65v and the standing wave pattern
remains sufficiently strong.
4. Eliminating standing wave in the scalar potential
Modifications in the previous schemes allow further
elimination of the standing wave potential. We make
FIG. B.4: Coupling schemes to eliminate the vector light
shifts for microrings with β > κ/2 (a,c) and β < κ/2
(b,d). (a,b) Intensity build-up factors I (black curve) and
I˜ (gray curve) for scalar and vector light shifts, respectively,
for κ/2pi = 1 GHz, and β/2pi = (a)1 GHz and (b)0.4 GHz;
I0 = 105κ2. Vertical dash (+) and dotted (-) lines in red indi-
cate the frequency detuning of excited modes for zeroing the
vector shifts. ± signs denote the direction of excitation and
the insets illustrate the corresponding coupling schemes. (c,d)
Visibility V (red curve) and phase shifts ξ± − ξ (black and
gray curves) in the standing wave scalar potential Eq. (B6)
under the same parameters and coupling schemes as in (a,b),
respectively.
use of the fact that the standing wave patterns can be
created 180 degrees out of phase with respect to each
other when we excite the microring from either end of
the bus waveguide with exact opposite frequency detun-
ing to the bare resonance ω0, as shown in Fig. B.5 for
β > κ/2 (a,c) and β < κ/2 (b,d). Since we also have
equal energy build-up factors and visibilities, (I, I˜, V ),
the standing wave pattern as well as the vector light
shift can be fully cancelled, allowing us to create a state-
independent, smooth evanescent field potential along the
microring that is highly useful in our two-color trapping
scheme.
Appendix C: Losses in microring resonators
1. Fundamental limits of the microring platform
Without considering fabrication imperfections, the co-
operativity parameter is fundamentally limited by the
intrinsic quality factor Qi ∼ 1/(Q−1a + Q−1b ) due to fi-
nite material absorption (Qa) and the bending loss (Qb).
For stoichiometric LPCVD nitride films, it has been es-
timated that the absorption coefficient α  1 dB/m in
the near infrared range [27]. At cesium D1 and D2 wave-
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FIG. B.5: Coupling schemes to eliminate both the vector light
shifts and the standing wave pattern in the scalar potential.
Same curves and parameters as those in Fig. B.4 are plotted,
but with different coupling schemes (insets) and frequencies
marked by the vertical dash (+) and dotted (-) lines.
lengths, for example, we estimate that Qa & 108 should
contribute little to the optical loss in a fabricated mi-
croring. On the other hand, we numerically estimate the
bending loss from FEM analysis. We have empirically
found that Qb  108 when the radius of a microring is
beyond 15 micron, as in our case, and the effective re-
fractive index of the resonator mode is neff > 1.65, con-
straining the minimum mode volume to be Vm & 500λ3
for an atom trapped around zt & 75 nm (Vm & 50λ3 for
a solid state emitter at the waveguide surface). Without
further considering fabrication imperfections, the funda-
mental limit for the cooperativity parameter could be as
high as C ∼ 10−4Qa & 104 (& 105 on the waveguide
surface).
2. Surface scattering loss
The analysis of surface scattering loss has been greatly
discussed in the literature, see Refs. [34, 51, 52] for exam-
ple. Here we adopt an analysis similar to Ref. [34], but
with a number of modifications. We evaluate the surface
scattering limited quality factor by calculating
Qss =
ωUc
Pss
, (C1)
where Uc =
1
20
∫
(r)|E(r)|2d3r is the energy stored in
the ring, (r) and E(r) are the unperturbed dielectric
function and the resonator mode field, respectively, and
Pss is the radiated power due to surface scattering.
We adopt the volume current method [53] to calculate
the radiation loss. To leading order, the radiation vector
potential is generated by a polarization current density
J = −iωδE created by the dielectric defects, where δ(r)
is the dielectric perturbation function that is non-zero
only near the four surfaces of the microring. In the far
field, we have
A =
µ0
4pi
e−ik·r
r
∫
[−iωδ(r′)E(r′)] e−ik·r′d3r′. (C2)
The radiation loss can thus be estimated by the time
averaged Poynting vector.
We note that the above method works best for a waveg-
uide embedded in a uniform medium [53]. In our case,
a nitride waveguide on a dioxide substrate embedded
in vacuum, an accurate calculation is considerably more
complicated due to dielectric discontinuities in the sur-
rounding medium. Here, we neglect multiple reflections
and estimate the amount of scattering radiation in the
far field (in vacuum) by separately evaluating the contri-
butions from the four surfaces of a microring waveguide.
We take δi = 0(− i)∆i(r), where  and i are the di-
electric constants of nitride and the surrounding dioxide
substrate or vacuum, respectively, and ∆i(r) represents
the distribution function of random irregularities near the
i-th surface. For the side walls at ρ± = R±W/2, surface
roughness caused by etching imperfections; for top and
bottom surfaces at z = zt,b, this results from imperfect
film growth.
Using, Eqs. (C2), we could then evaluate
Pss =
∫
ωk
2µ0
|r×A|2dΩ
=
ωk30
32pi2
∑
i,α
(− i)2Ci,α, (C3)
where
Ci,α =
∫
dΩ
∫ ∫
Eα(r′)E∗α(r′′)e−ik·(r
′−r′′)+im(φ′−φ′′)
× (rˆ× eˆ′α) · (rˆ× eˆ′′α)∆i(r′)∆i(r′′)d3r′d3r′′. (C4)
The random roughness in the second line of the integral
varies at very small length scale  λ, as suggested by
our AFM measurements. Thus, the electric field related
terms in the first and the second lines above can be con-
sidered slow-varying. The integration over large ring sur-
faces should sample many local patches of irregularities,
each weighed by similar electric field value and polar-
ization orientation. We may thus replace ∆i(r
′)∆i(r′′)
with an ensemble averaged two-point correlation func-
tion 〈∆i(r′)∆i(r′′)〉, which can be determined from the
AFM measurements. We approximate the two-point cor-
relation with a Gaussian form
〈∆i(r′)∆i(r′′)〉 ≈
σ2i e
− (r′−r′′)2
L2
i δ(z′ − zi)δ(z′′ − zi)Θ(ρ′)Θ(ρ′′) (C5)
for top and bottom surfaces (i = t, b) and, similarly,
〈∆i(r′)∆i(r′′)〉 ≈
σ2i e
−R
2
i (φ
′−φ′′)2
L2
i δ(ρ′ − ρi)δ(ρ′′ − ρi)Θ(z′)Θ(z′′) (C6)
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for the side walls (i = ±). In the above, σi and Li
are the root-mean-squared roughness and the correlation
length, respectively. δ(x) is the Dirac delta function, and
Θ(x) = 1 for x lying within the range of the (perfect) ring
waveguide and Θ(x) = 0 otherwise.
Plugging Eq. (C5) into Eq. (C4) to evaluate loss con-
tribution from top and bottom roughness, we obtain
Ci,α ≈ σ2i
∫ ∫
dρ′dρ′′ρ′2|Eα(ρ′, zi)|2e
− (ρ′−ρ′′)2
L2
i Φα(ρ
′),
(C7)
where, due to the short correlation length Li  λ, we
can simplify the azymuthal part of the integral by taking
ρ′′ ≈ ρ′ and arrive at the following
Φα =
∫
dΩ
∫
dφ′dφ′′(rˆ× eˆ′α) · (rˆ× eˆ′′α)×
eim(φ
′−φ′′)e−ik
ρ
r ρ
′(cosφ′−cosφ′′)e
− ρ′2(φ′−φ′′)2
L2
i
∼4pi5/2ηLi
ρ′
. (C8)
In the above, we used the fact that the integrant is
none-vanishing only when |φ′ − φ′′| . Li/R  1 and
m|φ′ − φ′′| ∼ kLi . 1. Here η = 43 is a geometric radi-
ation parameter due to mode-field polarizations coupled
to that of freespace radiation modes [34]; We note that
η is polarization independent, different from the result
of Ref. [34], because the surface scatterers are approxi-
mately spherically symmetric (σi, Li  λ) in the sense
of radiation at farfield.
Plugging Eq. (C8) into Eq. (C7), we arrive at
Ct(b),α ≈4pi5/2σ2t(b)L2t(b)RWη|E¯t(b),α|2
=
16
3
pi5/2V 2t(b)|E¯t(b),α|2, (C9)
where |E¯t(b),α|2 = 1RW
∫ ρ+
ρ−
ρ′|Eα(ρ′, zt(b))|2dρ′ is the av-
eraged mode field and Vt(b) ≡ σt(b)Lt(b)
√
RW is the ef-
fective volume of the scatterers.
For scattering contributions due to side wall roughness,
we adopt similar procedures and obtain
C±,α ≈ 16
3
pi5/2V 2±|E¯±,α|2, (C10)
where the effective volume is V± = σ±H
√
L±ρ±, the ef-
fective mode field |E¯±,α|2 = 1ηH2
∫ 1
−1 |E˜±,α(k˜)|2ηα(k˜)dk˜
and E˜±,α(k˜) =
∫H
0
Eα(ρ±, z′)e−ikk˜z′dz′. Here, ηα is
polarization dependent due to the geometric shape of
the side wall roughness, with ηρ(φ)(k˜) =
1
2 (1 + k˜
2) and
ηz = 1− k˜2.
We note that the apparent difference between the mode
field contributions in Eqs. (C9) and (C10) is due to
the effective volume of the surface and side wall scat-
terers. At the side walls, because the vertical length
of the edge roughness is about the thickness H of the
waveguide and is rather comparable to the wavelength,
interference effect manifests and modifies the scatter-
ing contribution from the mode field |E¯±,α|2. If kH 
1, |E¯±,α|2 ≈ |
∫H
0
Eα(R±, z′)dz′/H|2 gives the averaged
mode field squared at the side walls.
We then evaluate the scattering-loss quality factor as
Qss =
32pi2Uc
k30
∑
i,α ∆
2
iCi,α
(C11)
=
3λ3
8pi7/2
∑
i,α ∆
2
iV
2
i |u¯i,α|2
, (C12)
where ∆i = − i and define
|u¯i,α|2 ≡ |E¯i,α|
2∫
(r)|E(r)|2d3r (C13)
≈ |E¯i,α|
2
2piR
∫
(r)
∑
α |Eα(ρ, z)|2dρdz
(C14)
as the normalized, weighted mode field energy density.
In the main text we optimize Q/Vm by calculating Q =
1/(Q−1b + Q
−1
ss ). From Eq. (C12) with given roughness
parameters, it is clear that Qss can be made higher by in-
creasing the degree of mode confinement, which requires
increasing the cross-section of the microring (H,W ) to
mitigate the surface scattering loss. However, this will be
constrained by the desire to decrease the mode volume,
that is, to increase the mode field strength at the atomic
trap location |E(ρt, zt)|2. Moreover, the radius of the mi-
croring cannot be reduced indefinitely because of the in-
creased bending loss and the surface scattering loss at the
sidewall (the guided mode shifts toward the outer edge
of the microring, as shown in Fig. A.1). An optimized
geometry balances the requirement for proper mode con-
finement and small mode volume to achieve high Q/Vm.
